The propagation characteristics of premixed methane/air explosion under different filling ratios (20%, 30%, 40%, 50%, 60%, and 100%) were studied using an experimental system. The results indicate that the peak overpressure showed a decreasing trend at the initial stage but then showed an increasing trend until reaching its maximum value under different filling ratios. As the explosion propagated to the open end, the overpressure showed a downtrend. At this point, the flame speed initially increased along the pipe but then dropped dramatically. In addition, the explosion overpressure and flame speed increased with the increase of filling ratio. However, when the filling ratio reached 50%, the explosion overpressure and flame speed tended to be stable and the increase was not obvious. These results will be of great importance in evaluating the explosive damage to equipment and human personnel working in coal mines or other chemical industries.
Introduction
Gas explosions are the main type of accidents in process industries, especially in underground coal mines. 1 Such accidents are the major source of casualties and property losses, and are an obvious threat to the chemical, process, and underground coal mining industries. 2, 3 Estimates suggest that 75% of the total 24 accidents, which caused more than 100 fatalities per incident in China, are gas explosions since 1949. 4 To prevent losses from the explosions of methaneair mixtures in underground coal mines, experimental, theoretical, and computational methods were extensively adopted by scholars to study the propagation characteristics of gas explosion. [5] [6] [7] [8] [9] [10] [11] [12] [13] Zipf et al. 14 used a long tube (length, 73 m; diameter, 1.05 m) to study the deflagration-to-detonation transition of methaneair mixtures under the blockage ratios of 0.13, 0.25, and 0.50. They found that run-up length to DDT increased with the increasing of blockage ratios. The detonation limits, speed, pressure, and cell patterns under the concentration of 5.3-15.5% were also characterized by a series of detonation experiments previously. 15 However, limited gas-explosion tests are conducted in large tunnels because of the limited testing conditions, funding, methods, and other various reasons. Therefore, many researchers conducted tests in vessels and pipelines with small scales in the laboratory. [16] [17] [18] [19] [20] Blanchard et al. 21 investigated explosions in an 18-m long DN150 closed pipe with a 90 bend. It was shown that the bend in a long tunnel could obviously enhance flame speeds and overpressures, and shorten the run-up distance to DDT. The effect of variation in the distribution of gas on explosion propagation characteristics was also investigated in experimental channels by Zhu et al. and they indicated that damage caused by explosions could be reduced by decreasing the gas concentration. 22 In addition, theoretical analysis and numerical simulation methods were applied in many studies on the mechanism of the gas explosion. [23] [24] [25] [26] Pappas reported some simple calculations concerning the effect of having only a part of the compartment filled with a gas cloud in a large container. 27 Explosion pressure reduction in a partly confined compartment was found with the changing of gas volume. Jiang et al. 28 presented numerical simulation of explosion parameters of methane-air mixtures with 9.5% concentration and at different gas-filling volume in a roadway model and showed that the safety distance first increased and then decreased slightly with the increasing of filling volume.
However, the gas explosion in coal mine is usually caused by local gas accumulation, the volume of which is often of great uncertainty. The amount of gasaccumulation volume is reflected in the gas-filling ratio, namely, the ratio of gas-filling length within a certain period of the roadway and the total length of the roadway. However, previous studies were mainly concerning gas explosions under a single ratio, and few have ever examined gas explosions under different filling ratios, let alone the heading face. Therefore, in this study, gas explosion was conducted in test pipes by simulating conditions similar to those in an actual open-end tunnel. The propagation law of shock wave and flame under different gas-filling ratios was then studied, which is important to evaluate and prevent the destruction and damage of the explosion.
Experimental apparatus
The apparatus in our study mainly consisted of a test pipeline (including a valve), an ignition system, a circulating pump, a vacuum pump, a data-acquisition system, and a gas-preparation system. The schematic diagram of experimental apparatus is shown in Figure 1 . The test was carried out in a straight pipeline with one end open and the other end closed. The length of the pipeline was 20 m and its cross section was 80 Â 80 mm 2 . The ignition system was set at the closed end, using a standard 2-J combustion engine spark plug. The gas ratios varied with the changes in the valve position. The opening and closing of the valve did not affect the inner diameter and roughness of the pipe. The gas-filling ratios in this study were 20%, 30%, 40%, 50%, 60%, and 100%.
The flame arrival time was measured by 16 flame sensors attaching on the pipeline, and the explosion overpressure was measured by 15 pressure sensors. The flame sensor's (model number CKG100) response spectrum was 340-980 nm and its working voltage was 2 V. The pressure sensor's (model number YD205) measuring range was 0-2 MPa and the speed of data collecting could be less than 1 ms. They were both demarcated before experiments. The explosive mixed gas (methane and air) was prepared by the partial pressure method in an air bag. The concentration of the mixed gas was 10% (by volume). The initial pressure of the mixed gas was 0.10132 MPa and the temperature was 25 C. During the test, the internal pressure was first evacuated to À0.09 MPa by a vacuum pump. The inlet valve was then opened, and the mixed gas was pressed into the pipe by the pressure difference inside and outside. Finally, the mixture gas was cycled for 30 min using a circulation pump, which enabled it to mix thoroughly. In addition, data for each set of experiments were measured 3 times to improve the reliability of test data. The average of these data was used for analysis.
Experimental results and discussions Propagation law of overpressure
In gas explosion, the overpressure refers to the pressure difference caused by pressure on the wave front of explosion and atmospheric pressure. And the peak overpressure refers to the maximum of overpressure at a certain measuring point. The relationship between the peak overpressure and distance under different filling ratios of 20%, 30%, 40%, 50%, 60%, and 100% is shown in Figure 2 . The fitting curves can be expressed by the following equation:
where P is the peak overpressure and x is the distance from the ignition source. The values of filling parameters A, B 1 , B 2 , and B 3 are presented in Table 1 .
As can be seen from Figure 2 , variation of the peak overpressures is basically the same, that is, it decreases first, then increases, and finally decreases again. Taking the gas-filling ratio of 100% as an example, the peak overpressure attenuates from 0.14063 to 0.07891 MPa with the propagation distance increasing from the ignition end. The peak overpressure then increases until it reaches the maximum value of 0.14258 MPa. Finally, the peak overpressure presents an attenuation trend again with an increase in propagation distance. The change law of peak overpressures is determined by the physical mechanism of gas-explosion propagation.
At the early stage of the explosion, gas explodes near the source point and rapidly expands resulting in lower pressure. Compressed by the influence of the rarefaction wave, the intensity of sonic compression wave gradually weakens, and the overpressure peak value decreases. 28 As the effect of rarefaction wave abates, sonic compression waves accumulate, and therefore, the intensity of the precursory shock wave increases. In addition, the gas in front of the flame is ignited continuously, and this increases both the chemical reaction rate and the combustion speed. The energy provided by combustion is higher than the loss due to friction between the gas and the pipe-wall surface, and therefore, the peak overpressure begins to rise. After the explosion propagates for some distance, the piston effect occurs due to the rapid flow of explosive gas within the pipe and the friction loss increases. 29 As a result, the heat production of this chemical reaction balances with the energy loss, and the pressure increases to the maximum. The chemical reaction then becomes weak as the gas runs out, and thus, the energy generated cannot be used to propagate the shock wave forward sequentially. As a result, the peak overpressure decreases.
Fitting parameters are presented in Table 1 , and their fitting curves are shown in Figure 3 . The fitting function for each curve is as follows:
A ¼ 0:16474 À 0:30607 Â 0:00778 n , R 2 ¼ 0:99625 B 1 ¼ À0:03075 þ 0:0808 Â 0:00988 n , R 2 ¼ 0:97321 B 2 ¼ 0:00366 À 0:01292 Â 0:00277 n , R 2 ¼ 0:97043 B 3 ¼ À1:17986 Â 10 À4 þ 5:17352 Â 10 À4 Â 9:16161 Â 10 À4 À Á n , R 2 ¼ 0:94929
where n is the filling ratio. Gas-filling ratio 20% Figure 3 . Relationship between fitting parameters and filling ratios. As can be seen from the expected value, the fitting degrees are quite high as exponential functions. When A, B 1 , B 2 , and B 3 are substituted into equation (1), we can obtain the fitting relationship between the peak overpressure of each measuring point, filling ratios, and distance, which is given as equation (2). An analysis of these data shows that when the distance from ignition source is determined, the peak overpressure has an exponential relationship with gas-filling ratio. P ¼ 0:16474 À 0:30607 Â 0:00778 n À 0:03075 À 0:0808 Â 0:00988 n ð Þ Â x þ 0:00366 À 0:01292 Â 0:00277 n ð Þ Â x 2 À 1:17986 Â 10 À4 À 5:17352 Â 10 À4 Â 9:16161 Â 10 À4 À Á n Â x 3 ð2Þ Figure 4 shows the peak overpressures at the starting position and the maximum overpressures in the process of propagation. It can be seen from Figure 4 that with the increase of gas-filling ratio, the peak overpressures at the starting position and the maximum overpressures in the process of propagation increase significantly, but the magnitude of increase decreases. When the gasfilling ratio exceeds 50%, the maximum overpressure of the process tends to be 0.145 MPa, essentially unchanged. Throughout the process, the maximum overpressure is higher than the peak overpressures at beginning, which has important guiding significance to determine the source of gas explosion in an accident investigation work.
From Table 2 , it can be seen that the distances of peak overpressure beginning to rise and reaching the maximum value under different gas-filling ratios. It can be seen from the data presented in Table 2 that the distance starts to increase and reaches maximum value with increase in filling ratio. When the gas-filling ratio exceeds 50%, the maximum peak overpressures largely appear at a distance of 14 m. This is because at high gas-filling ratios, the expansion of burning gas after explosion pushes the unburned gas ahead of the flame, enabling the uncharged area to quickly fill with gas; thus, the gas pressure within the pipeline is the same as that of a pipeline (or tunnel) full of gas. Figure 5 shows the relationship between arrival time of flame front and distance under different gas-filling ratios, where the reciprocal of the slope of the curve represents the value of flame speed. When the flame front spreads forward, the flame speed increases gradually, first reaching the maximum at a turning point, and then starts to decrease. Before the speed reaches the peak, the arrival time of flame under each ratio is almost the same, indicating that the flame speeds are no different.
Flame propagation law
In this experiment, the flame speed can be calculated by equation (3). Figure 4 . Relationship between peak overpressure at ignition source, minimum and maximum peak overpressure, and filling ratios. where L i is the distance between the flame sensors No. i and No. i þ 1. T i and T iþ1 are the moments of flame arrival at the flame sensors No. i and No. i þ 1, respectively. The flame speed of each point is calculated using equation (3) and we can see the relationship between the speed and propagation distance, shown in Figure 6 . The flame speed is fitted as the following function:
where V is the flame speed and x is the distance from ignition source. The related parameters of fitting curves are presented in Table 3 . Figure 6 shows that with the increase of propagation distance, flame speed gradually increases from a small value to the maximum at ignition source, and then attenuates. This is because near the ignition source, combustion reaction is not fierce enough and the flame speed is small. However, under the effect of precursory shock waves, the mixed gas in front of flame is compressed and heated, and the burning rate accelerates. At the same time, a certain viscosity resistance exists because the pipe wall is not absolutely smooth. Because the flame spreads under the shearing action of the pipe wall while propagating downstream, flame front is stretched, making its contact area with oxygen and fuel in the unburned area, thus accelerating the rate of the chemical reaction. The energy provided by burning is more than it is lost along the pipe wall. The flame speed increases. Therefore, when these two energies are in dynamic balance, flame speed reaches its maximum and then attenuation occurs. 30 It can also be seen from Figure 6 that before the flame speed achieves its maximum value, it is basically the same at each measuring point. Except for these measure points, the flame speed increases with the increase of gas-filling ratios.
Based on the data presented in Table 3 , we can find the functions (parameters) that fit the data well. Figure 7 shows the corresponding function curves. The functions of the four curves are as follows: where n is the gas-filling ratio. From the expected value, it can be seen that the fitting degrees are quite high as exponential functions. When a, b 1 , b 2 , and b 3 are substituted into equation (4), we can get the fitting relationship between the flame speed of each measuring point, filling ratios, and distance, which is presented as equation (5) . It is obvious that when the distance of measuring points is ð5Þ Figure 8 shows the maximum flame speeds under different filling ratios. Along with the increase of gasfilling ratios, the maximum speeds increase obviously, but the increase rates show a decreasing trend. When the gas-filling ratio exceeds 50%, the maximum speed tends to be around 268 m/s. The reason is the same as that provided earlier for the peak overpressures.
Conclusions
1. After the explosion of mixed gas containing methane and air, with the increase of propagation distance, the peak overpressure decreases first, then increases, and finally decreases again. The flame speed presents a trend that first increases and then decreases. When the distance of measuring points is determined, the peak overpressure and flame speed were found to have an exponential relationship with the gas-filling ratio. 2. With the increase of filling ratios, the peak overpressures of measuring points increase, so do the distance of peak overpressure beginning to rise and reaching the maximum value; however, the extent of increase is gradually reduced. The maximum flame speed also increases gradually, while the flame speeds have little difference before they reach the peak value. 3. When the filling ratio is over 50%, the pressure and the flame speed tends to be stable with the increase of filling ratios, which indicates that the damage effect is the same as that observed in a pipe (or tunnel) full of gas when the gas ratio reaches a certain value.
These conclusions have a guiding significance for assessing the largest damage scope of shock wave and flame on human personnel and equipment under different volumes of gas accumulation in an open-end tunnel. It can also be used to guide installation of explosion suppressors and investigation of explosion accident. 
